The posterior parietal cortex is included in the dorsal cortical visual pathway underlying the three-dimensional (3-D) visual recognition of space and objects. The neurons in the lateral intraparietal area (LIP) respond visually to the three-dimensional objects, whereas those in the anterior intraparietal area (AIP) respond to hand movements to grasp them. LIP receives visual inputs from V3A, whereas AIP projects to the premotor areas; however, it is not known whether the neurons in LIP project to AIP. We herein investigated the connectional substrates that underlie the transformation of three-dimensional vision to prehensile hand movements in the Japanese monkey (Macaca fuscata). After identifying the three-dimensional visually responsive region in the posterior part of LIP by the unit recordings, we injected a bidirectional tracer, wheat germ agglutinin conjugated to horseradish peroxidase, into one of the recording sites. We found that LIP receives neuronal projections from V3A and sends axons to AIP. To confirm our findings, we injected several orthograde tracers into V3A and retrograde tracers into AIP in the same hemispheres. We found that the V3A neurons projecting to LIP terminate in the vicinity of the LIP neurons projecting to AIP. The results suggest that the cortical connections of V3A-LIP-AIP in the lateral bank of the intraparietal sulcus play an important role in the visuomotor transformation for prehensile hand movements.
Visual information for three-dimensional (3-D) space is transferred from the occipital lobe to the parietal visual areas through the dorsal stream of the cortical visual pathway in primates (Ungerleider and Mishkin, 1982) . The dorsal stream is related to the visual control of actions, and the parietal association areas located in the banks of the intraparietal sulcus are supposed to play important roles in both reaching and prehensile hand movements (Mountcastle et al., 1975; Taira et al., 1990; Goodale et al., 1991; Goodale and Milner, 1992; Milner and Goodale, 1993; Sakata et al., 1995; Goodale and Murphy, 1997; Kalaska et al., 1997; Rizzolatti et al., 1997; Caminiti et al., 1998) . The neurons related to hand-reaching movements are recorded in parietal areas 5 and 7, including the medial intraparietal area (MIP), the lateral intraparietal area (LIP), and the parieto-occipital area (PO), in addition to the frontal area dorsal premotor area 6 (F2, F7) (Mountcastle et al., 1975; Rizzolatti et al., 1990; Lacquaniti et al., 1995; Johnson et al., 1996 Johnson et al., , 1997 . MIP and the intraparietal part of area 5 (5ip) receive visual inputs from PO and send visual information and motor-related commands to dorsal premotor area 6 (Petrides and Pandya, 1984; Kurata, 1991; Tanne et al., 1995; Johnson et al., 1996; Matelli et al., 1998; Shipp et al., 1998; Caminiti et al., 1999) . On the other hand, the neurons related to the hand-grasping movements are recorded in parietal areas 5 and 7, including MIP, LIP, and the anterior intraparietal area (AIP), in addition to the frontal area ventral premotor area 6, namely area 6a␤ of Vogt and Vogt (1919) , area FCBm of von Bonin and Bailey (1947) , or area F5 of Matelli et al. (1985) (Mountcastle et al., 1975; Rizzolatti et al., 1988 Rizzolatti et al., , 1990 Taira et al., 1990; Gallese et al., 1994; Sakata and Taira, 1994; Jeannerod et al., 1995; Sakata et al., 1995; Murata et al., 1996 Murata et al., , 1997 Murata et al., , 2000 . AIP projects to ventral premotor area 6 (Petrides and Pandya, 1984; Matelli et al., 1986; Johnson et al., 1996) ; however, the visual inputs to AIP are not known. Because the 3-D visual information is processed in LIP (Gallese et al., 1994; Gnadt and Mays, 1995; Shikata et al., 1996; Endo et al., 1998; Gnadt and Beyer, 1998; Gnadt, 2000) , we hypothesize that the 3-D information should be sent from LIP to AIP.
In this study, we investigated the connections that may underlie the transformation of 3-D vision to prehensile hand movements in the lateral bank of the intraparietal sulcus of the macaque monkey. A bidirectional tracer, wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP), was first injected into the posterior part of LIP under the control of unit recording for 3-D visual stimuli. Several orthograde and retrograde tracers were then injected into V3A and AIP to show the overlap of the San Rafael, CA; refresh rate, 60 Hz for each eye). The alert, behaving monkeys rested on a chair at 57 cm in front of the display with a pair of opposed polarizing lenses that matched the two states of the liquid crystal-modulated polarizing filter placed directly in front of the monkey's eyes. The 3-D stimuli used were 20 -60°in size and of various orientations. Several simple 3-D objects, such as bar, cylinder, pyramid, cone, square plate, and disk, were presented with four different orientations of 45°difference in three different planes (i.e., horizontal, vertical, and frontal planes). For the objects with an optimal response, changes such as width, length, and thickness were examined with double-step size differences. The neuronal activity to the most effective object was again recorded with binocular disparity using the polarizing glasses (Fig. 1 , Lef t, Right) and without disparity cue without the glasses (Fig. 1, Merged) . When the neuron was more active during the recording with the polarizing glasses than during the recording without the glasses, we consider the neuron responsive to the 3-D objects. Each recording session was ϳ5 hr or longer each day, and the recording periods were from 3 to 6 months per hemisphere. After the recordings were finished, microelectrode penetrations were performed at known coordinates, and electrolytic lesions were made to locate them after histology.
WGA-HR P injections into the LIP. After the recordings, we placed a recording 1 l Hamilton syringe (Crist Instruments, Damascus, MD) through the recording chamber to one of the most typical recording sites.
We first recorded the unit responses to the 3-D visual stimuli through the syringe and then injected 0.05 l of 5% solution of WGA-HRP (Toyobo, Osaka, Japan) dissolved in physiological saline into LI P. After 48 hr, the animal was anesthetized with a lethal dose of sodium pentobarbital (80 mg / kg, i.v.) and perf used through the ascending aorta with 2 l of heparinized saline followed by 4 l of 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. Frontal sections, 50 m thick, were cut on a freezing microtome, and one-in-five serial sections were reacted with tetramethyl benzidine to visualize WGA-HRP labeling (Mesulum, 1978) .
Anal ysis of the recording sites. To find out from which part of the cortex we recorded the 3-D visual responses, 1-in-10 serial sections were mounted on gelatinized glass slides and stained with cresyl violet for the Nissl substance. Another 1-in-10 serial sections were stained for myeloarchitecture according to the Gallyas method (1979) to evaluate areas LI Pd, LI Pv, V I P, 7a, and V3/ V3A, because previous studies had used myelin staining to help define the borders of the areas (Seltzer and Pandya, 1980; Van Essen et al., 1986; Felleman and Van Essen, 1987; Gattass et al., 1988; Andersen et al., 1990a; Blatt et al., 1990; Colby et al., 1993a; Felleman et al., 1997; Beck and Kaas, 1999) . The needle tracks were examined using a microscope (Axiophoto, Z eiss, Jena, Germany) equipped with a Pentium PC -controlled 3-D motorized stage, and the locations of recording sites were digitized with a 3-D microscopic data analyzing system (Neurolucida, MicroBrightField, Colchester, V T). The x-y parameters of the sections were monitored with a motorized stage, and the recording sites were plotted with a mouse pointer on the monitor view projected through a camera lucida in the microscopic objective view. The areal borders were added to the drawing using adjacent myelinstained sections. To analyze the recording sites, the orientation index was calculated using the electrophysiological data and was defined as (1 Ϫ the response to the stimulus in the optimal orientation in 3-D space/the response to the stimulus in the orthogonal orientation).
Tracer injections into V3A and A IP. In one alert monkey, we first electrophysiologically recorded the neuronal responses from V3A and the areas around it to evaluate the location of V3A, and then injected tracers into V3A of both hemispheres. To identif y the location and extent of V3A, we examined the distribution of gaze-dependent visual neurons with a single-unit recording for visual responses, because visual activity of neurons in V3A has been reported to be modulated by gaze (Galletti and Battaglini, 1989; Nakamura and Colby, 2000) . The electrophysiological recording was prepared as described above. The monkey was then trained to fixate a dim light on the monitor as described above, and the receptive field was determined by moving a small slit or spot of light. The fixation point was located on the monitor at nine different points (i.e., top, middle, and bottom levels and right, center, and left for each level) with a 20°difference, and the visual stimulus was centered on the receptive field. The sizes of receptive fields were similar in V3 and V3A, but the activity of the neurons in V3 did not depend on the direction of gaze. After recording for Ͼ3 months from both hemispheres, we placed a recording 1 l Hamilton syringe into the V3A under the guide of the unit recording and injected 0.05 l of 5% WGA-HRP and 2 l of 10% biotinylated dextran amine (BDA) (BDA-10,000, Molecular Figure 1 . One of the three-dimensional visual stimuli used in this study. Left and Right show the stereoscopic stimuli for left and right eyes presented in turn with a shuttered polarizing filter (60 Hz for each eye) and seen through polarizing glasses. Merged shows the same stimulus on the monitor seen without the glasses.
Probes, Eugene, OR). Because the injections were only placed in V3A without any injections into AI P, the data were not used in this study and will appear in another paper.
In the other five monkeys, we used magnetic resonance imaging (MRI) of the monkeys' brain map to obtain stereotaxic coordinates. We adapted the V3A borders evaluated above to the MRI images, and stereotaxically injected several tracers into both V3A and AI P of both hemispheres. From 2 to 10 d before the injection of tracers, the monkeys were induced to anesthesia with an intramuscular injection of ketamine hydrochloride (10 mg / kg) with atropine sulfate (0.1 mg / kg) to reduce respiratory secretions and anesthetized with an intravenous injection of sodium pentobarbital (30 mg / kg). A supplemental dose of sodium pentobarbital (8 mg / kg) was injected intravenously as needed to maintain the anesthesia. One millimeter interval slices of 1 mm thickness 3-D gradient echo images were taken using 0.2 T MRI (Profile, General Electronic, Milwaukee, W I) All tracer injection procedures were conducted under aseptic conditions. We first injected tracers of long survival periods into the left V3A and AI P, and 10 d after the first injections, we then injected tracers of short survival periods into the right V3A and AI P. The animals were sedated with an intramuscular injection of ketamine hydrochloride (10 mg / kg) and anesthetized with an intravenous injection of sodium pentobarbital (30 mg / kg). Supplemental doses of sodium pentobarbital (8 mg / kg) were given as needed to maintain a surgical level of anesthesia. The skin of the head was midline incised, and a craniotomy was made over the left intraparietal sulcus. Up to three tracers were pressure injected using 1 and 5 l Hamilton syringes (Hamilton, Reno, N V) or glass micropipettes with a Picospritzer 2 (General Valve, Fairfield, NJ). In the left hemisphere, 1 l of 10-20% BDA (BDA-3,000, Molecular Probes) was injected into V3A, and 1-3 l of 2% Fast blue (FB) (Sigma, St. L ouis, MO) was injected into AI P. In one of the monkeys, 1-3 l of 10% Nuclear Yellow (N Y) (Sigma) was also injected in the left AI P; in this animal, tracers were not injected into the right AI P. Ten days after the first injections, the monkeys were anesthetized again as described above, and a craniotomy was made over the right intraparietal sulcus. Up to three additional injections were placed into V3A and AI P contralateral to the first injections. We injected 0.03-0.05 l of 5% WGA-HRP and 1 l of 10% tetramethylrhodamine dextran (Rd) (Molecular Probes) into V3A and 1-3 l of 10% N Y into AI P using 1 and 5 l Hamilton syringes or glass micropipettes with the Picospritzer 2. At 48 hr after the second surgery, the animal was anesthetized with a lethal dose of sodium pentobarbital (80 mg / kg, i.v.) and perf used through the ascending aorta with 2 l of heparinized saline followed by 4 l of 4% paraformaldehyde in PB.
After 2 d immersion of the brains in the PB with 20% glycerol, 50-m-thick sections were cut frozen in the frontal plane and collected in PB. One-in-five serial sections were mounted on gelatinized slides from 0.45% NaC l solution and observed under a fluorescent microscope (Axiophoto, Z eiss). The filters used were as follows: for Rd, excitation 534 -558 nm, emission 580 nm; for FB and N Y, excitation 390 -420 nm, emission 425 nm. Photographs of these sections were taken, and images were merged using a fluorescent microscope (Axioplan 2, Z eiss) and a CCD camera (AxioC am, Z eiss) equipped with a Pentium PC and graphic software (AxioVision 2.05, Z eiss). Another one-in-five serial section was processed for WGA-HRP visualization. For BDA histochemistry, another one-in-five serial section was processed with the Elite ABC kit (Vector, Burlingame, CA) and diaminobenzidine tetrahydrochloride (Wako) with glucose oxidase (Sigma) (Shu et al., 1988) . These sections were observed and photographed under a bright-field and polarizing microscope (Axiophoto, Z eiss) equipped with a Pentium PCcontrolled 3-D motorized stage. The contours of the sections, borders between the cortex and the white matter, and locations of the labeled neurons and terminals were digitized with a 3-D microscopic data analyzing system (Neurolucida, MicroBrightField).
Myelin staining and Cat-301 immunostaining. Because previous studies had used myelin staining to help define the borders of intraparietal areas (Seltzer and Pandya, 1980; Van Essen et al., 1986; Felleman and Van Essen, 1987; Gattass et al., 1988; Andersen et al., 1990a; Blatt et al., 1990; Colby et al., 1993a; Felleman et al., 1997; Beck and Kaas, 1999) , 1-in-10 serial sections of all the animals were processed for the physiological development to visualize myeloarchitecture (Gallyas, 1979) to determine areal borders. In the V3A and AI P injection cases, other 1-in-10 sections were reacted immunocytochemically with C at-301 antibody (Hockfield et al., 1983; Hendry et al., 1984 Hendry et al., , 1988 , because previous studies had found it a usef ul marker for the magnocellular pathway and parietal areas (Hendry et al., 1984 (Hendry et al., , 1988 McGuire et al., 1989; DeYoe et al., 1990) . The antibody was kindly provided by Dr. Susan Hockfield (Yale University School of Medicine, New Haven, C T). We also stained another two 1-in-10 sections for cytochrome oxidase histochemistry (C arroll and Wong-Riley, 1984) and SM I-32 immunocytochemistry (Hof and Morrison, 1995) ; however, these sections were not very helpf ul in finding the borders of the intraparietal sulcul areas. The myelin and C at-301 stained sections were used to visualize the borders of intraparietal cortical areas and thus confirm that injection sites intended for particular areas (AI P, V3A) indeed had been in those areas.
The nomenclature used for the cortical areas correlated with that used in previous studies (Andersen et al., 1990a; Blatt et al., 1990) . We used 5ip for the area situated in the middle of the medial bank of the intraparietal sulcus, i.e., part of the area PEa (Pandya and Seltzer, 1982) excluding the M I P and the cortex in the rostral part of the sulcus facing the AI P. Figure 2 shows the myelin-stained and Cat-301-immunostained coronal sections to reveal areal borders of the intraparietal cortex. Where the sections were stained clearly, it was easy to recognize the borders of different areas. The tracks of the electrode penetrations ( Fig. 2 A, arrowheads) and the recording sites ( Fig. 2 A, arrow) were also apparent in the myelin sections as in the Nissl sections.
RESULTS

Myeloarchitecture and Cat-301 staining of the intraparietal areas
In the myelin-stained sections, densely stained bilaminar layers of the inner and outer bands of Baillarger were apparent in LIP (Fig. 2 B) . The bands of Baillarger were stained more densely in the ventral (LIPv) than in the dorsal (LIPd) part of the LIP. The densely stained bilaminar layers were also apparent in the posterior, curved portion of LIP (Fig. 2 A) . Densely myelinated, thick fibers ran perpendicular to the layers of LIP. In V3A, the outer band of Baillarger was wider but less densely stained than in the LIP, and the inner band of Baillarger was a thin layer that was densely stained and appeared as a clear band. In the posterior intraparietal area (PIP), the area located posterior to VIP, medial to V3 and V3A, and lateral to MIP and PO (Colby et al., 1988) , densely stained bilaminar bands were observed, and the inner band of Baillarger was more densely stained than the outer band. In layer 3, many medium-sized myelinated fibers ran parallel to the layer, and in layer 1, thicker myelinated fibers were seen running parallel to the layer. In MIP, the inner band of Baillarger was thin and densely stained, whereas the outer band was not clear but seen as a densely stained wide layer. In the deep part of layer 3, layer 4, and layer 5, medium-sized, densely stained fibers ran parallel to the layers. In the middle to superficial layer 3, fine fibers were seen running in both parallel and perpendicular directions to the layer. In the ventral intraparietal area (VIP), the inner band of Baillarger was very thin but densely stained, whereas the outer band of Baillarger was not clearly seen (Fig.  2 B) . In layer 3, thick myelinated fibers ran parallel to the layer. In area 5ip, the bilaminar bands of Baillarger were densely stained but were not so apparent as in LIP. Area 5 on the crown of the postcentral gyrus was very densely stained, and thick myelinated fibers were seen to run from layer 6 to the upper part of layer 3. In AIP, the bilaminar bands of Baillarger were wider but not as densely stained as in LIP. The bilaminar pattern was thus not as apparent in AIP as in LIP. In most cases, the myelinated fibers in AIP were not stained as densely as those in LIP, but in some cases, they were stained as densely as those in LIPv. The staining difference in the dorsal and ventral parts, which was apparent in LIP, was not observed in AIP. The myelinated fibers were finer in AIP than in LIP, and a dense mesh of fine myelinated fibers was seen throughout the layers of AIP.
The Cat-301-immunostained sections were also useful in determining the borders between the parietal areas. In the LIP, immunoreactive neurons were distributed in three bands located in layers 3, 5 and 6 (Fig. 2 E) . Large pyramidal neurons and medium to large-sized nonpyramidal neurons were stained in the lower part of layer 3 and in layer 5. Several small to medium-sized pyramidal and nonpyramidal neurons were also Cat-301 positive in the upper part of layer 3 and in layer 6. The staining pattern was similar in both LIPd and LIPv, although fewer Cat-301-positive neurons were observed in LIPd than in LIPv. Large cells were more abundant in LIPv than in LIPd, and the laminar structure was more apparent in LIPv than in LIPd. The same histological appearance was maintained in the posterior curved part of the LIP (Fig. 2 D) . In V3A, the three-layered pattern was also apparent, but the size of the Cat-301-positive neurons was small. In V3, the Cat-301-positive neurons were scattered throughout the width of layer 3. The Cat-301-positive neurons were also distributed widely in layers 5 and 6. As a result, the three-layered pattern in V3 was not as apparent as in LIP, and it appeared as if the Cat-301-positive neurons were distributed over layers 3-6 with a thin lamina of cell-free zone in layer 4. In PIP, the laminar structure was not so apparent, but large pyramidal neurons in layers 3 and 5 were strongly Cat-301 positive. In MIP, Cat-301-positive neurons were more compactly arranged in the deep layer 3 than in PIP, and some large pyramidal and nonpyramidal Cat-301-positive neurons were scattered in layer 5. Accordingly, they showed as distinct a laminar structure as that seen in LIPv. Compared with LIPv, however, fewer Cat-301-positive neurons were localized in the upper part of layer 3 and in layer 6 of MIP. In VIP, the number of Cat-301-positive neurons was smaller than in LIP or MIP, but these neurons were compactly arranged and the lamination was distinct. In area 5ip, a smaller number of Cat-301-positive neurons was observed, and the neurons showed a less distinct laminar pattern compared with MIP. In area 5, no lamination was found, and only a few Cat-301-positive neurons were scattered in layer 3. In AIP, Cat-301-positive neurons were found only in the deeper half of layer 3, and no large neurons were Cat-301 positive in layers 5 and 6.
Electrophysiological recordings from LIP
Because our previous study showed that neuronal responses to 3-D visual objects were recorded in LIP but not in V3A (Shikata et al., 1996) , we mapped the recording sites for 3-D visual objects (Figs. 3A, 4A ). To clarify whether the neurons responded to a 3-D visual object but not to the orientation of an object in the two-dimensional monitor screen, we examined the orientation tuning of the neuronal response to the object in the 3-D space. The orientation tuning was examined by varying the surface or axis orientation of stimulus around the sagittal, horizontal, or vertical axis (sagittal axis was parallel to the direction of gaze; horizontal and vertical axes were parallel to the frontal plane). When the neurons were more responsive to the stimuli of one orientation than of the other orientations in 3-D space, we considered the neurons to be 3-D orientation selective. The responses to the stimulus presented to either the left or right eye (Fig. 1, Left, Right) or to the 3-D stimulus viewed without polarizing glasses (Fig. 1, Merged) were much less than those to the same stimulus viewed binocularly with polarizing glasses. Thus, all these neurons showed a disparity effect, i.e., the response activity was stronger with polarizing glasses compared with the response to the same stimuli without the glasses. The response activities linearly increased as the size of the object increased to reach some limit, and then, when the size got bigger than the size limit, the response decreased, thus suggesting the existence of surround inhibitory "off" receptive field.
Our observations were biased toward visually responsive units, but we also observed neurons that were active during hand reaching. For example, in one of the monkeys in which 61 penetrations were made and 462 neurons were isolated, visual and visual-related neurons were 374 (81%), including 23 neurons that fired to both visual stimuli and reaching hand movements (5%). Six neurons were active during reaching hand movements but not during visual testing (1.3%). A total of 38 neurons (8.2%) responded to 3-D visual stimuli.
A total of 470 penetrations were made in six hemispheres, and the responses of 73 visual neurons to 3-D stimuli were studied. On the Nissl-stained sections, the recording needle tracks were clearly seen as lines of gliosis (Fig. 3A) . Some of the recording sites were apparent as the large spots of gliosis along the needle track (Fig. 3A, arrows) , probably because of long recording sessions (usually 2-3 hr for one recording site, sometimes Ͼ5 hr). Of 73 neurons examined with 3-D visual stimuli, 56 neurons showed statistically significant orientation preference. To be conservative, we chose 43 neurons with an orientation index of Ͼ0.4 to map the location of these neurons (Fig. 4 A) . For the 43 neurons that were activated with 3-D visual stimuli, of which 22 of that number were in LIP, 17 in MIP, and 4 in V3A. Seventeen neurons showed a preferred response to disk or square plate, whereas 26 preferred bar or cylinder. There neurons were intermingled, and we did not recognize any spatial segregation of these units. We recorded only in the posterior part of the intraparietal sulcus, so we did not record any units in the anterior part of LIP.
Injection of WGA-HRP into LIP recording site
After the recordings, we injected WGA-HRP into one of the most typical recording sites in the posterior part of LIP under the control of unit recording of neurons responding to the 3-D visual stimuli (Figs. 3B, 4B) . The WGA-HRP injection covered most of the posterior part of LIP (Fig. 4 B) and extended from layer 1 to layer 6. The injected WGA-HRP also diffused into the white matter below layer 6, but because the injection track was limited to cortex and because WGA-HRP is not taken up by intact axonal shafts (Mesulum, 1982) , we considered the resulting labeling to be the result of the cortical part of the injection. Orthogradely labeled terminals and retrogradely labeled neurons were found abundantly in LIP, VIP, and V3A and slightly in MIP, PIP, PO, and AIP. In AIP, WGA-HRP-labeled terminals were found mainly in layer 3, and a small amount was found in layer 4 (Fig.  5A) . A few retrogradely labeled neurons were also found in layers 3 and 5. In V3A, many WGA-HRP-labeled neurons were found in layer 3, and only a few were found in layer 5 (Fig. 5B) . WGA-HRP-labeled terminals were densely distributed in layer 1, and a few were distributed in layers 3, 5, and 6, but no labeling was seen in layer 4 of V3A. In PO, only a small number of WGA-HRP-labeled neurons were observed in layer 3, and a few were observed in layer 5 (Fig. 5C ). In addition, a few WGA-HRPlabeled terminals were found in layers 1 and 3. Other than V3A and PO, we could not find any substantial projections from any of the other occipital visual areas after the LIP injection.
Double tracer injections into V3A and AIP
To confirm the connections from V3A to AIP relayed by LIP, we injected bidirectional tracers (WGA-HRP, BDA, and Rd) into V3A and retrograde tracers (FB and NY) into AIP. The injections into V3A and AIP were made without recording, but instead by reliance on MRI-derived stereotaxic coordinates, and were later confirmed as being in V3A and LIP by architectonics using myelin-stained sections and Cat-301-immunostained sections. Although we tried a total of 14 injections in V3A of 10 hemispheres, 2 were well localized within the V3A without any diffusion into the white matter or the other areas, and 5 were localized in the V3A with some diffusion into the white matter. For the latter cases, the injection needle track also got into the white matter except in one case. Although a total of 12 injections were made into AIP of nine hemispheres, 4 were well localized within AIP without any diffusion into area 7b or the white matter, but 5 covered AIP and area 7b with diffusion into the white matter. For the latter cases, the injection needle track was limited in the cortex in three cases and got into the white matter in two cases. We successfully injected both V3A and AIP in six hemispheres, and in five of them the injections were good enough to study the overlap of connections in LIP. Figure 3C -E shows a few of these injection sites. Figure 6 shows the distribution of labeling in one of the multiple tracer experiments. In this case, BDA was injected into V3A (Figs. 3C, 6A ), and FB (Figs. 3D, 6B ) and NY (Fig. 6C) were injected into AIP far beyond the border between LIP and AIP.
The V3A injection of BDA was well confined to V3A in the lateral part of the annectant gyrus. The BDA injection was centered in the deep part of layer 3 and extended to the upper part of layer 3 and to layers 4 and 5. Because layers 3 and 5 are the main sources of corticocortical projection neurons in most cortical areas (Rockland and Pandya, 1979; Maunsell and Van Essen, 1983; Van Essen and Maunsell, 1983; Andersen et al., 1990a) , the limited laminar extent of this injection probably did not result in any missed projections. In this case, orthogradely labeled terminals were mainly found in layer 4, and some were found in layer 3 of the LIP (Fig. 6 A) . Retrogradely labeled neurons were found in layer 5 with a few in layer 3. Although most of the BDA labeling was distributed in the posterior part of LIP, BDAlabeled terminals were scattered throughout the rostrocaudal extent of LIP. Other than the labeling in LIP, only a few BDAlabeled fibers were found in layers 3, 4, and 6 of VIP and MIP.
The AIP injection of FB was placed in the lateral and posterior part of AIP and extended from layers 4 to 6. Because layer 4 is the main target of forward corticocortical projection neurons in most cortical areas Van Essen and Maunsell, 1983; Felleman and Van Essen, 1991) , the limited laminar extent of this injection probably did not result in any missed projections from LIP to AIP. Although the injection spread into the white matter, the needle track did not, thus suggesting that no artifactual labeling resulted. It also included all the layers of the medial part of area 7b. Thus the results reflected the connections of AIP and area 7b. The connections of the Figure 5 . Dark-field photomicrographs showing orthogradely labeled terminals and retrogradely labeled neurons in the anterior intraparietal area (AIP) ( A), the visual area V3A ( B), and the parieto-occipital area (PO) ( C) after the injection of WGA-HRP into a region of LIP in which three-dimensional responsive neurons were recorded. A, Labeled terminals in layers 3 and 4 of AIP. A few labeled neurons were also seen in layer 3. B, In V3A, many labeled neurons were seen in layer 3, and only a few were observed in layer 5. Dense terminal-like labeling was seen in layer 1, and light terminal-like labeling was in layers 3 and 6. C, Labeled neurons in layer 3 and labeled terminals mainly in layer 1 in the PO. Note that, as seen in A, the cortex in the coronal sections is thicker in AIP than in V3A or PO. Scale bar, 100 m.
intraparietal areas other than area 5ip observed in this case were similar to those found in the other cases in which the injection site was restricted in AIP. Retrogradely labeled neurons were found in AIP, LIP, 5ip, VIP, and MIP (Fig. 6 B) . Most of the labeling in area 5ip and part of the labeling in LIP were probably caused by the involvement of the injection site in area 7b. FB-labeled neurons were localized in layers 3 and 5 of AIP, VIP, and the anterior part of LIP. In LIP and MIP, FB-labeled neurons were localized mainly in layer 3. Because the injection of AIP included only layers 4 -6, it is possible that this injection did not fully label afferents to AIP. The main difference in the labeling of this case in comparison with other cases with large injections was a paucity of the labeled neurons in the VIP and the posterior part of the LIP.
The AIP injection of NY was placed in the anterior part of AIP ϳ2 mm anterior of the FB injection. The NY injection extended from layers 3 to 6 and also covered the medial part of area 7b. Because the injection needle track got into the white matter, the results included the connections of AIP, area 7b, and the white matter below. As in the FB injection, the connections of the intraparietal areas except area 5ip observed in this case were similar to those found in other cases in which the injection site was restricted in AIP. Retrogradely labeled neurons were distributed in AIP, LIP, 5ip, VIP, and MIP (Fig. 6C) . The NY-labeled neurons were localized mainly in layer 3 of these areas. In LIP, retrogradely labeled neurons were more densely distributed in the anterior part, but some were also found in the posterior part. The orthograde fibers and terminals from V3A and retrogradely labeled neurons projecting to AIP thus overlapped not only in the posterior part of LIP but also throughout the rostrocaudal extent of LIP. Figure 7 shows the data of another animal in which WGA-HRP was injected into V3A and NY was injected into AIP. The injection of WGA-HRP was localized in the lateral part of V3A covering layers 1-6 and the white matter above. The axons in the white matter were damaged by the injection needle, so uptake of WGA-HRP might have occurred and affected the results. However, because no projections to LIP from areas more posterior than V3A have yet been reported, we considered the resulting labeling in LIP to be the result of the cortical part of the injection. Terminal-like labeling and labeled neurons were distributed in LIP, VIP, and MIP (Fig. 7A) . In LIP, WGA-HRP-labeled terminals were found in layers 3 and 4, and labeled neurons were found in layers 3 and 5. WGA-HRP labeling was distributed in a columnar manner in LIP. In VIP, terminal-like labeling was found in layers 1 and 3, and labeled neurons were found in layer 5. In MIP, only minimal terminal-like labeling was found in layer 1, and a few labeled neurons were found in layer 3.
The injection of NY was well confined to AIP and covered layers 1-6 but also diffused across the intraparietal sulcus into layers 1 to upper 3 in area 5ip. Although the injection spread into the white matter, the needle track did not, thus suggesting that no artifactual labeling resulted. The involvement of the anterior part of area 5ip may have labeled many neurons in the posterior part of area 5ip in this case. Retrogradely labeled neurons were distributed in layers 3 and 5 of AIP, LIP, 5ip, VIP, and MIP (Fig.  7B) . The terminals projecting from V3A and retrogradely labeled neurons projecting to AIP thus overlapped not only in the posterior part of LIP but also throughout the rostrocaudal extent of LIP in this case, too. Figure 8 shows an overlap of the Rd-labeled fibers projecting from V3A and the distribution of NY-and FB-labeled neurons projecting to the ipsilateral and contralateral AIPs. Rd was injected into the lateral part of V3A covering layers 4 -6 and diffused into the white matter. Because layers 3 and 5 are the main sources of corticocortical projection neurons in most cortical areas (Rockland and Pandya, 1979; Maunsell and Van Essen, 1983; Van Essen and Maunsell, 1983; Andersen et al., 1990a) , the limited laminar extent of this injection probably resulted in a labeling of projections from layer 5 but not from layer 3. The injection needle passed through the white matter above layer 6 and thus damaged the axons. As a result, the uptake of Rd by passing fibers probably occurred and affected the results. Rdlabeled fibers were found in layers 3-6 of LIP, and Rd-labeled neurons were found mainly in layer 3 (Fig. 8 A) .
NY was injected into AIP covering layers 1-6. The injection also covered layers 1-2 of area 5ip across the intraparietal sulcus and diffused into layer 3 of area 5ip. Diffusion was also seen in areas 7b and 5. Although the injection spread into the white matter, the needle track did not, thus suggesting that no artifactual labeling resulted. The connections in the intraparietal areas, except area 5ip, observed in this case were similar to those found in the other cases in which the injection site was confined to AIP. Most of the labeling in area 5ip was probably caused by the involvement of the injection site in areas 5ip and 7b. Retrogradely labeled neurons were distributed in layers 3 and 5 of AIP, LIP, 5ip, VIP, and MIP (Fig. 8 B) . In LIP, NY-labeled neurons were localized in the rostrocaudal extent of the area. In the posterior part of LIP, the neurons and fibers labeled with Rd were found in the vicinity of AIP-projecting neurons labeled with NY ( Fig.  9A-C) . Some of the NY-labeled AIP-projecting neurons were also found to project to V3A (Fig. 9D-F ) . The injection of FB was confined to AIP contralateral to the V3A injection and covered layers 3-6. Because layer 4 is the main target of forward corticocortical projection neurons in most cortical areas Van Essen and Maunsell, 1983; Felleman and Van Essen, 1991) , the limited laminar extent of this injection probably did not result in any missed projections from LIP to contralateral AIP. The tracer labeled the connections similar to those found in other cases in which the injection site involved all layers of the cortex. Although the injection spread to the white matter that was adjacent to layer 6, the needle track did not, thus suggesting that no artifactual labeling resulted. The injection thus probably labeled all cortical connections. FB-labeled commissural neurons were distributed mainly in layers 3 and 5 of LIP and in layer 3 of MIP (Fig. 8C) . The FB-labeled neurons in the posterior part of LIP that projected to the contralateral AIP were also found in the vicinity of the fibers and terminal arbors labeled with Rd ( Fig. 9G-I ) . Some of the FB-labeled neurons projecting to the contralateral AIP were also labeled with Rd and thus projected to V3A (Fig. 9G-I ). On the side of the intraparietal areas contralateral to the Rd injection into V3A, FB-labeled association neurons were found in layers 3 and 5 of LIP, VIP, 5ip, and MIP (Fig. 8 E) . Very few FB-labeled commissural neurons were found in the anterior part of the medial bank of the intraparietal sulcus.
DISCUSSION
We demonstrated the neuronal connections from V3A to LIP and then from LIP to AIP in the lateral bank of the intraparietal sulcus that may underlie the visuomotor transformation from 3-D object vision to prehensile hand movements. This circuit parallels the connections in the medial bank of the intraparietal sulcus, from PO (V6/V6A) to MIP, and PO and MIP to 5ip or PEa, which also underlie hand movements (Johnson et al., 1993 (Johnson et al., , 1996 Luppino et al., 1993; Caminiti et al., 1998 Caminiti et al., , 1999 Shipp et al., 1998; Burnod et al., 1999) . Two parallel visual pathways for hand movements thus exist in the parietal association areas lining the intraparietal sulcus: one is in the medial bank and another is in the lateral bank of the intraparietal sulcus (Fig. 10 ).
Myeloarchitecture and Cat-301 immunostaining of the intraparietal areas
We confirmed the previous reports on the characteristics of myelin staining for areas LIP, VIP, PIP, V3A, and 5 (Seltzer and Pandya, 1980; Blatt et al., 1990; Preuss and Goldman-Rakic, 1991) and added some observation on the myelin structure of area AIP. We also confirmed that Cat-301 antibody is helpful in delineating the borders of the areas relating to the M pathway, such as V3, MIP, VIP, and LIP (Hockfield et al., 1983; McGuire et al., 1989; DeYoe et al., 1990) , and further showed that it is useful in distinguishing AIP from the other parietal areas.
The connections of V3A, LIP, and AIP
The present results confirmed the reciprocal connections between V3A and LIP. V3A occupies the rostral part of the dorsomedial area of Beck and Kaas (1999) and receives major inputs from V2 (Gattas et al., 1997; Beck and Kaas, 1999) and V3 (Felleman et al., 1997; Beck and Kaas, 1999) as well as sparse inputs from V1 (Zeki, 1978 (Zeki, , 1980 Van Essen et al., 1986; Beck and Kaas, 1999) . V3A also receives inputs from the middle temporal area (Ungerleider and Desimone, 1986; Beck and Kaas, 1999) , the middle superior temporal area (Boussaoud et al., 1990; Beck and Kaas, 1999) , the fundus of the superior temporal visual area (Boussaoud et al., 1990; Beck and Kaas, 1999) , and PO (Colby et al., 1988; Beck and Kaas, 1999) . V3A has substantial reciprocal connections with LIP (Cavada and Goldman-Rakic, 1989; Andersen et al., 1990a; Blatt et al., 1990; Morel and Bullier, 1990; Baizer et al., 1991) ; V3A thus provides main visual inputs to LIP. Accordingly, the neurons in V3A show visual activity that is modulated by gaze (Galletti and Battaglini, 1989; Nakamura and Colby, 2000) , and a similar modulation is also observed in the neurons of LIP (Andersen and Mountcastle, 1983; Andersen et al., 1985b Andersen et al., , 1990b .
LIP was originally defined on the basis of its connections from the frontal eye field (Andersen et al., 1985a) . LIP has been reported to be reciprocally connected with PO, V3, V3A, V4, middle superior temporal area, dorsal prelunate area, area 7a, medial dorsal parietal area, VIP, area 5, area 8a, and area 46 (Andersen et al., 1990a; Blatt et al., 1990) . In addition to the reciprocal connections, LIP has been reported to receive projections from areas 7b, 7m, and 24a, and also sends axons to the middle temporal area, the posterior inferior temporal area TEO, and the inferior temporal area TE. LIP thus receives and integrates visual information of both space and objects from areas in the dorsal and ventral streams and somatosensory information from the somatosensory areas and sends the integrated information to the visuomotor and motor-related areas. This is the first study to inject tracers into AIP. Previous knowledge about connections of AIP were limited to the report that neurons in AIP do not project to the frontal eye field but project to ventral premotor area 6 (Petrides and Pandya, 1984; Matelli et al., 1986; Johnson et al., 1996; Gallese et al., 1997) .
LIP relay of connections from V3A to AIP
In contrast to our expectations, the results showed that the projections from V3A terminated throughout the rostrocaudal extent of LIP, and the neurons projecting to AIP were not confined to the posterior part of LIP but were distributed throughout LIP. As a result, visual information from V3A is sent to the entire LIP, and then from the entire LIP to AIP. This finding correlates with the report by Tian and Lynch (1996) in which a single small injection of a retrograde tracer into the frontal eye field labeled neurons throughout the rostrocaudal extent of LIP. In accordance with this finding, the present mapping of the recording sites also revealed that the 3-D-responsive neurons were not restricted to the posterior part of the LIP. Moreover, because we only recorded the neuronal responses to the stimuli of 20 -60°in size, we did not record any neurons responding to 3-D visual stimuli of objects smaller than 20°or larger than 60°. The recordings may thus cover only a limited area of the 3-D visually responsive region of the LIP. If so, the modules of the 3-D visual information processing for the hand manipulation may be distributed in a wider region of the LIP and thus may overlap the distribution of other modules such as those related to the saccadic eye movements. Interestingly, the distribution of neurons responding to the 3-D visual stimuli was similar to the location of neurons related to the saccadic eye movements (Gnadt and Andersen, 1988; Barash et al., 1991a) and attention (Robinson et al., 1995) , as well as to the distribution of neurons projecting to the intermediate layers of the superior colliculus (Lynch et al., 1985) and to the frontal eye fields (Tian and Lynch, 1996) .
Functional consideration of LIP
Neurons in LIP are involved in visuomotor integration functions (Andersen, 1987 (Andersen, , 1995 Andersen and Zipser, 1988; Andersen et al., 1992) , and are related not only to saccade and saccade preparation (Mountcastle et al., 1975; Lynch et al., 1977; Robinson et al., 1978; Gnadt and Andersen, 1988; Andersen 1989; Barash et al., 1991a,b; Andersen et al., 1992; Duhamel et al., 1992; Goldberg and Colby, 1992; Lynch, 1992) but also to visual response Robinson et al., 1978; Bushnell et al., 1981; Andersen et al., 1987; Colby et al., 1996) . Some neurons in LIP respond to the saccades in 3-D space (Gnadt and Figure 10 . Schema of parallel pathways conveying visual information for hand movements through the intraparietal areas. 5ip, Intraparietal part of area 5; AIP, anterior intraparietal area; LIP, lateral intraparietal area; MIP, medial intraparietal area; PMd, dorsal premotor area 6; PMv, ventral premotor area 6; PO, parieto-occipital area; V2, visual area V2; V3/V3A, visual area V3/V3A complex. Mays, 1995) and thus are related to 3-D space vision. LIP is also related to several aspects of spatial information processing such as attention (Lynch et al., 1977; Robinson et al., 1978 Robinson et al., , 1995 Bushnell et al., 1981; Mountcastle et al., 1981 Mountcastle et al., , 1987 Lynch and McLaren, 1989; Goldberg et al., 1990; Colby et al., 1996; Gottlieb et al., 1998; Corbetta et al., 2000) , intention (Andersen, 1995; Bracewell et al., 1996; Mazzoni et al., 1996; Snyder et al., 1997) , and anticipation (Colby et al., 1993b; Eskandar and Assad, 1999) and thus is suggested to be related in a more general role in visuospatial behavior (Colby et al., 1996) .
In the present study, we focused on 3-D visual responses and their relation to hand manipulation; however, it should also be pointed out that neurons in LIP are also active during reaching hand movements. Mountcastle and colleagues (1975) reported that 24.7% of 474 neurons in area 7 (mostly in LIP) were reach and hand manipulation neurons. They classified 51 of 474 (10.8%) neurons as hand manipulation and 61 of 474 (12.9%) neurons as reach. They also classified, in area 5, 53 of 977 (3.4%) neurons as hand manipulation and 52 of 977 (5.3%) neurons as reach (Mountcastle et al., 1975) . This is in accordance with our results that neurons in the MIP were also responsive to 3-D visual stimuli. As was the case in our study, in area 7, much overlap has been reported in the sites at which visual, visuomotor, fixation, and reach/hand manipulation neurons were isolated (Hyvarinen and Poranen, 1974; Mountcastle et al., 1975; Hyvarinen and Shelepin, 1979; Leinonen et al., 1979) .
The LIP neurons are related not only to visual information processing but also to motion signal generation (Hyvarinen and Poranen, 1974; Mountcasle et al., 1975; Hyvarinen and Shelepin, 1979) . Approximately one-fourth of all the neurons recorded in area 7, mostly in LIP, reported by Mountcastle et al. (1975) and one-third of neurons in area 7 reported by Hyvarinen and Poranen (1974) were manipulation neurons associated with reaching and hand movement. Because the hand motor neurons of the parietal cortex were neither sensory nor motor in nature, Mountcastle et al. (1975) suggested the "command hypothesis," i.e., the parietal neurons have command functions for manual exploration of surrounding space. The posterior parietal cortex not only reacts to sensory stimuli but also participates in the guidance of voluntary motor acts and integrates sensory and intentional factors (Hyvarinen, 1982) . As in LIP, the responses of neurons in AIP are visual , visual memory related (Murata et al., 1996) , and motor (Gallese et al., 1994) in the grasp-related behavior. LIP and AIP therefore may relate visual and hand motor integration and motor command functions through the connections between these areas.
